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ABSTRACT 

Work has been done on the adaptation of an e lec t r i 
cal probe, developed by NeaU") for the measurement of 
local void fractions in mercury-ni t rogen flow, to a i r -water 
flow. The adaptation is more difficult because of wetting of 
the probe by water. Various probe shapes and filming agents 
were employed without great success . Some improvement 
was obtained by means of a separate tr iggering circuit , but 
the calculated void fraction was still somewhat low com
pared with that measured by the gamma-ray-at tenuat ion 
technique. Presumably, this is due to a finite response 
t ime of the probe, associated with the wetting of the tip; 
hence, further development of this technique is necessary . 

I. INTRODUCTION 

Two-phase flow is used to describe the simultaneous flow of a liq
uid and gaseous phase, either cocurrently or countercurrently. The dis
tribution of the two phases depends mainly on the volumetric flow rate of 
each phase. Various flow regimes can be distinguished, depending upon 
the Reynolds, Froude, and Weber numbers , as well as upon fi, the volumet
ric flow concentration. For low values of /3 in vert ical pipes, the gas 
tends to be distributed as a suspension of small bubbles (bubble-flow r e 
gime). As j3 inc reases , small bubbles tend to coalesce, forming la rger 
bubbles which almost fill the channel c ross section. This regime is called 
slug flow. Upon further increase in the gas flow ra te , the slug length in
c reases until the core of the pipe is filled with gas and the liquid flows 
along the wall as an annular film (annular-flow regime). At still higher 
gas velocit ies, the liquid tends to be dispersed into the gas phase as a 
mis t (mist-flow regime). 

Although there is interest in all four flow regimes , bubble and slug 
flows are observed in most cases of practical importance. In the study of 
these two basic flow pat terns , some of the pa ramete r s of interest are void 



fraction, bubble-size distribution, and bubble frequency. An electr ical r e 
sistivity probe was introduced by Neal(9) for the measurement of these pa
ramete r s in cocurrent mercury-ni trogen flow. This probe, however, could 
not be used directly for measurements in a i r -water flow because of in
creased wetting of the probe tip. 

This report describes work in the development of an e lect r ical r e 
sistivity probe for measurements of the local void fraction in a i r -wa te r 
flow in which the liquid can be considered to be a continuous phase. In 
addition to permitting this useful measurement, it is hoped that the probe 
will provide information with which to compare the two-phase flow models 
proposed, among others, by Bankoff(^) and Levy(°). 

II. REVIEW OF LITERATURE 

Because of its great importance in two-phase flow and studies of 
boiling phenomena, techniques for the measurement of void fraction have 
been given considerable attention. A l i terature survey of these techniques 
was conducted by Gouse,^ ' who summarized the resul ts in tabular form. 
A few methods of void-fraction measurement are reviewed in the following 
discussion. 

Johnson and Abou-Sabe(') placed special disk-type valves, of uni
form tube diameter when open, at each end of the test section. The spring-
loaded valves were closed rapidly and simultaneously so as to isolate the 
contents of the test section. 

Zuber and Henchl-'^) modified the p r e s su re -d rop technique by fixing 
one tap near the bottom of the test section and placing a movable tap near 
the top. The manometer leg connected to the fixed tap was filled with water, 
and the other leg was filled with air by bleeding a small amount of a i r into 
this leg so that it bubbled out of the upper tap very slowly. By observing 
the manometer readings before and after the air flow was initiated, the 
average void fraction between the two taps was determined. 

Dengler(2) used a t racer technique to determine voids. A radio
active salt, Mn"Cl2, was dissolved in the liquid phase. If the salt did not 
coat the interior walls, the count was proportional to the liquid fraction. 

The gamma-ray-attenuation method was studied by Hooker and 
Popper. ( ) This technique employs a radioactive source and a c rys ta l de
tector. The strength of the attenuated beam passing through the s t ream is 
a function of the s t ream density and, therefore, related to the void fraction. 
Petrickl ) improved this method by t ravers ing the source and detector 
across the channel width, and thus obtained a density profile. Petrick(lO) 
also introduced a polynomial-fitting technique for determining local void 
fractions in a round pipe. Beta rays have also been used in place of 
gamma rays . (13) 



Nea l ' ° ' constructed an electr ical probe for measuring local pa ram
eters in mercury-ni t rogen flow. The probe consists of an insulated needle 
with an exposed tip pointing into the flow. When a bat tery and a res i s tor 
in se r i es with the probe was connected to ground, a change in voltage was 
observed as mercury and then nitrogen came into contact with the probe. 
This electr ical probe was developed in a system where the continuous 
phase was a liquid metal . The purpose of the present work, therefore, 
was to extend this technique to a i r -water flow. 

After the present work was essentially completed, the author 
learned* that a probe s imilar to the one developed by Neal had been inde
pendently constructed by Solonaon(12) for use as a flow-regime indicator 
in two-phase a i r -water flow. Solomon's principal interest was in detect
ing changes in flow configuration, whereas the present work was aimed at 
determining local void fractions and bubble-size distributions. 

*Private communication from Dr. P . Griffith to Dr. S. G. Bankoff 



III. EXPERIMENTAL APPARATUS 

A. Flow System 

The arrangement of the flow system used in these studies is shown 
pictorially in Figure 3.1 and schematically in Figure 3.2. This natural -
circulation loop consists of a water- and air-injection system, the test 
section, and an air-water separator. The metered s t reams of air and 
water were fed to the bottom of the test section. The resulting two-phase 
mixture flowed up through the test section and into the separator where the 
air was liberated to the atmosphere and the water was returned to the test 
section via a downcomer by gravity. The flow system was constructed al
most entirely of Lucite to allow for visual observation. 

112-2733 

Fig. 3.1. Experimental Apparatus 

1- Description of Equipment Components 

Fig. 3.2. Schematic Diagram 
of Flow System 

A cross-sectional view of the water- and air-injection syster 
is shown in Figure 3.3. The air entered through two 1-in. copper tubes 
and merged with the vertically flowing water s tream through 168 holes 
spaced along the periphery of the pipe. 
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Fig. 3.3. Sectional View of Air-Water Mixer 

The test section "was constructed fronn an 8-T-ft piece of 
2—-in. Lucite pipe. Six probe taps, spaced equally 1 ft apart, were inserted 
to allow for probe measurements to be made at various distances from the 
air injector. 

The separator was a 33 x 24 x 18-in. Lucite tank with an open
ing in the top. The velocity of the two-phase mixture entering the separator 
decreased sufficiently, due to the increase in cross-sect ional area, allowing 
the air to be completely removed from the water. The water then entered 
the 2-r-in. downcomer. 

4 

The air supply was obtained from the main laboratory line, and 
the water supply was obtained from the main tap-water line. Tap, rather 
than demineralized, water was used because of its higher electr ical con
ductivity, a necessity for proper functioning of the probe. 

2. Instrumentation and Control 

The flow rate of air was regulated by two needle valves and 
measured at a 0.125-in. orifice. A constant p ressu re of 70 psig was 
maintained upstream from the orifice by two Norgen regulators . 
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The flow r a t e of w a t e r was r e g u l a t e d by an i n v e r s e p e r c e n t a g e -
flow plug v a l v e , shown s c h e m a t i c a l l y in F i g u r e 3.4, and w a s m e a s u r e d at a 

^ ^ 1,375-in. o r i f i ce l o c a t e d a t the b o t t o m end 

of the d o w n c o m e r . Both the a i r and w a t e r 
o r i f i c e s m e t s p e c i f i c a t i o n s l i s t e d in G r a c e 
and Lapple(5) and in F lu id M e t e r s . ( 3 ) 

S t anda rd 60 - in . m a n o m e t e r s , which 
could be r e a d to ±0.05 in . , w e r e u s e d for 
m e a s u r e m e n t s of p r e s s u r e d r o p . M a 
n o m e t e r fluids of spec i f ic g r a v i t y 2.95 and 
1.26 w e r e u s e d for the a i r r a t e and w a t e r 
r a t e , r e s p e c t i v e l y . 

The wa t e r t e m p e r a t u r e was m e a 
su red with a d ia l t h e r m o m e t e r , with an 
a c c u r a c y of +1°C, i n s e r t e d in t he s e p a r a t o r . 
The a i r was a s s u m e d to be at r o o m 
t e m p e r a t u r e . F i g . 3.4. W a t e r - c o n t r o l Valve 

B . An E l e c t r i c a l P r o b e for Local Void M e a s u r e m e n t s 

The void f rac t ion , or gas f rac t ion , at a p a r t i c u l a r point in a t w o -
phase s y s t e m can be defined as the f rac t ion of t i m e tha t the g a s p h a s e 
ex i s t s at the point in ques t ion . This can be s t a t ed ima thema t i ca l l y a s fol lows: 

7 / [l-f(t)]dt (3.1) 

where d is the void f rac t ion , f(t) is a d i s con t inuous funct ion of t i m e tha t 
a s s u m e s a value of one when the l iquid p h a s e e x i s t s at the point in ques t ion 
and a value of ze ro when the gas p h a s e e x i s t s a t the point , and T is the t ime 
in t e rva l over which the void f rac t ion is d e t e r m i n e d . The i n t e r v a l T m u s t 
be l a rge enough that a s t a t i s t i c a l l y good a v e r a g e can be ob ta ined at tha t 
point . 

1. The P r o b e 

An e l e c t r i c a l p r o b e , capab le of m e a s u r i n g i n s t a n t a n e o u s l y the 
local r e s i s t i v i t y of a t w o - p h a s e m i x t u r e , and t h e r e b y p rov id ing a m e a s u r e 
of local va lues of void f rac t ion , was d e v e l o p e d . When a i r i s in c o n t a c t 
with the probe t ip , the r e s i s t a n c e b e t w e e n the p r o b e and g round is inf in i te , 
w h e r e a s when wa te r is in contac t with the p r o b e , the r e s i s t a n c e i s about 
75,000 o h m s . By connect ing a b a t t e r y and a r e s i s t o r in s e r i e s wi th the 
p robe , the vol tage d rop a c r o s s the r e s i s t o r could be o b s e r v e d . 
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The probe (see Figure 3.5) consists of a 6-in. length of 0.031-in. 
steel wire bent at right angles 1-j-in. from one end. By means of an oil 
stone and emery paper, the tip of the shorter segment was filed to a point. 
The longer segment was encased in a 4-in. piece of -5—in. stainless steel 
tubing, but was insulated from it by Teflon "spaghetti ." The filed piece 
was insulated by a Krylon spray enamel. In order to assure complete in
sulation, the bend was dipped in liquid paraffin and allowed to cool. The 
probe tip was then carefully scratched to expose about 0.01 in. of the point. 

l_.031" DIA STEEL W H 

TEFLON INSULATION 

Fig. 3.5. Electr ical Probe 

Upon completion of the probe, it was inserted in the channel 
by means of a modified "Swagelock" tube fitting. The first ferrule of the 
fittings was replaced by a —-in. O-ring, and the second ferrule was r e 
versed. This allowed the probe to be t raversed across the pipe and at the 
same time remain leak proof. The probe was oriented with the exposed 
tip pointing into the direction of flow (see Figure 3.6). 

2. The Integrating Circuit 

In order to determine what fraction of time gas was in contact 
with the probe tip, the probe signal was electronically integrated for a 
time T. The integrating circuit is shown schematically in Figure 3.7 and, 
along with the other electr ical components, pictorially in Figure 3.8. It 
can easily be shown that this circuit yields the following relationship: 

J. 
RC 

eo = - TTT̂  e(t) dt (3.2) 
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F ig . 3.6. P r o b e in Channel 

PROBE 

TRIGGER 
CIRCUIT 

e ( t ) R 

W v V v 
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^ 
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1 

L " o 

RECORDER 

Fig . 3.7. In t eg ra t ing C i r c u i t 
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Recorder 

Power Supply 

Integrator 

Trigger 

1 1 2 - 2 7 3 4 

F i g . 3 . 8 . E l e c t r i c a l E q u i p m e n t 

U p o n m u l t i p l y i n g t h i s e q u a t i o n b y t h e c o n s t a n t - R C / E T , o n e o b t a i n s : 

. T 
R C 

-° E T T / E 
d t (3.3) 

By c o m p a r i n g equa t ions (3.1) and (3.3) and not ic ing that e ( t ) / E and f(t) have 

i d e n t i c a l p r o p e r t i e s , one can then w r i t e : 

1 - a T E 
d t (3.4) 
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1 - i r ^ i W d t . (3-5) 
T E 

- '0 

The in t eg ra t i ng c i r c u i t c o n s i s t s of a h i g h - g a i n a m p l i f i e r and 
a r e c o r d e r . The a m p l i f i e r , mode l U P A - 2 of G e o r g e A. P h i l b r i c k R e s e a r c h e s , 
Inc . , h a s a gain of 1 0 ^ A B r i s t o l D y n a m a s t e r r e c o r d e r , m o d e l I P H 5 6 0 - 5 1 , 
with a r a n g e of 100 m v was u s e d to r e c o r d the output . A 2 . 2 - M o h m r e s i s t o r 
and a 1-^if c a p a c i t o r w e r e used to give the c i r c u i t a t i m e c o n s t a n t (RC) of 
2.2 s e c . 

A Minneapo l i s -Honeywe l l e i g h t - c h a n n e l " V i s i c o r d e r , " m o d e l 
906, was used to r e c o r d the p r o b e s igna l which was the input to the i n t e 
g r a t i n g c i r c u i t . The f requency r e s p o n s e of the p a r t i c u l a r c h a n n e l u s e d 
w a s 0-2000 c p s , and the p a p e r d r i v e w a s se t at 25 i n . / s e c . In add i t i on , a 
Minneapo l i s -Honeywe l l t i m e r was u s e d in o r d e r to i n t r o d u c e a t i m e s c a l e 
on the p r o b e s igna l r e c o r d . 

3. Vo id -p robe T r i g g e r 

Neal(9) s t a ted that , when us ing a p r o b e of t h i s t ype for m e a s u r i n g 
loca l void f r a c t i o n s , it i s advan tageous for the con t inuous p h a s e of the t w o -
p h a s e m i x t u r e to be a liquid m e t a l . The high s u r f a c e e n e r g y r e s u l t s in the 
nonwett ing of the p r o b e , and a fas t b r e a k in t he c i r c u i t i s o b t a i n e d . With a 
fas t b r e a k in the c i r c u i t , a s q u a r e - w a v e r e s p o n s e i s ob t a ined , and the a r e a 
unde r the c u r v e is d i r e c t l y p r o p o r t i o n a l to the l iquid f r a c t i o n . T h u s t h e r e 
sponse can be e l e c t r o n i c a l l y i n t e g r a t e d a s s t a t e d p r e v i o u s l y . 

However , in the s y s t e m u n d e r s tudy , w a t e r , which wet the p r o b e , 
was the cont inuous p h a s e , and th is m e a n t that the change in r e s i s t a n c e f rom 
76,000 ohms to infinity was g r a d u a l and not s h a r p enough to ob ta in s q u a r e 
w a v e s . T h e r e f o r e , in o r d e r to apply e l e c t r o n i c i n t e g r a t i o n , the p r o b e s igna l 
r e s p o n s e had to be a l t e r e d to a s q u a r e - w a v e r e s p o n s e such tha t the f r a c t i o n 
of the to ta l t i m e that l iquid was in con tac t with the p r o b e w a s the s a m e for 
both r e s p o n s e c u r v e s . 

The p r o b l e m was so lved by e m p l o y i n g an e l e c t r o n i c c i r c u i t 
des igned by T . T . A n d e r s o n . Th i s c i r c u i t , shown in F i g u r e 3.9, c o n s i s t s of 
two p r i n c i p a l c o m p o n e n t s : a t r a n s i s t o r i z e d e l e c t r o m e t e r a m p l i f i e r , and a 
t r a n s i s t o r i z e d Schmit t t r i g g e r c i r c u i t . 

The Schmit t t r i g g e r c i r c u i t c o n t a i n s t h r e e p o t e n t i o m e t e r s , the 
sens i t iv i ty , l eve l , and z e r o " p o t s . " The s e n s i t i v i t y and l e v e l p o t e n t i o m e t e r s , 
which a r e loca ted at the input , a r e ad jus t ed e i t h e r to f i r e o r t u r n off t he 
t r i g g e r when the a m p l i f i e r output vo l t age b e g i n s to d r o p f r o m a l e v e l c o r 
re spond ing to a i r in con tac t with the p r o b e t i p . The t r i g g e r wi l l t h e n t u r n 
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F i g . 3.9. V o i d - p r o b e T r i g g e r 



16 

off o r f i r e when the amp l i f i e r output r e t u r n s to t he o r i g i n a l vo l t age l e v e l . 
The t r i g g e r can be b i a sed on or off by mak ing the input vo l t age e i t h e r n e g 
a t ive o r p o s i t i v e . This c o r r e s p o n d s to i n t e g r a t i n g e l e c t r o n i c a l l y e i t h e r 
for the l iquid f r ac t ion or the gas f rac t ion , r e s p e c t i v e l y . By a d j u s t m e n t of 
the z e r o p o t e n t i o m e t e r , the i n t e g r a t o r vo l tage can be se t to r e m a i n c o n s t a n t 
for a z e r o s igna l at the t r i g g e r output . F i g u r e 3.10 shows a c o m p a r i s o n 
of the t r i g g e r input and output s i g n a l s . 

( a ) I N P U T TO T R I G G E R C I R C U I T 

Fig. 3.10 

Comparison of Probe Signal 

ru 
(b) OUTPUT OF TRIGGER CIRCUIT 

The t r i g g e r output was r e c o r d e d on the " V i s i c o r d e r " s i m u l 
taneous ly with the input s ignal and the t i m e - s c a l e s i gna l , a s shown in 
F igu re 3 .11. The t r i g g e r output s ignal does not a p p e a r as " p e r f e c t 

s q u a r e 

4 TIME 
.3 

- i * ACTUAL 
: PULSE 

i 
MOOIRED 
PULSE 

112-2736 

Fig. 3.11. Probe Signals 
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waves because the frequency response of the par t icular galvanometer used 
in the "Visicorder" was only 0-600 cps, although the integrating circuit in
put was a pseudo-random square wave, i .e. , a square wave with a random 
number of zeroes during any par t icular t ime interval . 

A Tektronix dual-channel oscilloscope was used to observe the 
probe input signal and the t r igger output signal for level and sensitivity 
adjustments. 

C. Radiation-attenuation Method of Void Measurement 

In order to check the void-fraction data obtained with the probe, 
an established technique was also employed. This technique depends on 
the absorption of gamma rays by the water and not by the a i r . 

A gamma-ray source, thulium-170, was placed about 4 in. from the 
test section with a collimator between. The rays not absorbed by the water 
or the Lucite test section were collected by a scintillation crystal photo-
multiplier tube. The signal from the photomultiplier tube was then ampli
fied and recorded on a Minneapolis-Honeywell recorder with a range of 
0-10 mv. Since gamma rays a re not absorbed appreciably by air , the 
strength of the attenuated beam is a function of the s t ream density and, 
thus, a function of the void fraction. By t ravers ing the source and collector, 
as a unit, across the width of the channel, a continuous curve of chordal 
densities can be obtained, whence the average void fraction can be deter
mined. This technique requi res t ravers ing an empty channel, a full chan
nel, and the two-phase mixture . The theory and derivation of equations 
of this technique were shown by Pe t r i ck . ( l l ) 

D. Procedure 

Before the flow system was filled with water, the test section was 
t raversed horizontally with the gamma-ray equipment to obtain a t race of 
the empty channel. At the same t ime, the integrator recorder was allowed 
to run for 60 sec. This output signal corresponds to a value of ex = 1.0. 
From equation (3.2), this signal is simply - ET/RC and is the quantity by 
which all succeeding output signals were divided to obtain the gas fraction. 
By means of this technique the exact value of the integration time constant 
RC need not be known. However, each succeeding integration should be 
made over the same interval , T = 60 sec, and the quantity ET/RC should 
remain constant for the entire experiment. Since the value ET/RC is a 
linear function of t ime, a different integration interval can be used, but 
then the constant E T / R C must be changed accordingly. 

It should be noted that a positive input voltage was applied on the 
t r igger , biasing the input t rans is tor "off" and thus integrating directly for 
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the quantity a. Therefore, equation (3.4) should be rewrit ten as 

1 ' e(t) ,. (3.6) 
T I E ^' • 

0 

After filling with water, the test section was t raversed to ob
tain a full-channel t race . Air was then bubbled through the test section, 
the air and water valves being adjusted for the proper flow r a t e s . Again 
the test section was traversed with the gamma-ray equipment to obtain the 
two-phase t race . 

The level and sensitivity adjustments were made by observing the 
tr igger input and output signals on the oscilloscope. The zero adjustment 
was made by "zeroing" the Simpson meter provided for this purpose. With 
the flow rates constant, the complete void-fraction profile was obtained 
by integrating the probe signal at each of seven radial positions and using 
equation (3.6) and the constant - E T / R C . 

A photographic record of the probe signal, shown in Figure 3.11, 
wa-s obtained by allowing the "Visicorder" to run for 16 sec, which cor
responds to a 30-ft t race of signal. 
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IV. DISCUSSION AND RESULTS 

A. Probe Wettine 

The program for development of the probe commenced with pre
liminary experiments conducted in a 4-gal jar . The originally designed 
probe was suspended in the water-fil led jar , and air was slowly bubbled 
up through a 1-in. Lucite cylinder toward the probe. A 1.5-v battery and 
100,000-ohm res i s tor were connected in se r ies with the probe to ground, 
and the voltage drop across the res i s tor was observed on an oscilloscope. 
The pulse signal revealed that a sharp break in the circuit did not occur 
when the bubble was pierced by the probe; instead, the change in voltage 
drop assumed an exponential path when going from a voltage correspond
ing to water surrounding the probe tip to zero, which corresponds to air 
surrounding the probe tip. 

The cause of this i r regular ly shaped response was believed to be 
the water adhering to the probe when air was actually surrounding it. The 
probe was, therefore, insulated with Teflon, and the tip was then carefully 
scratched so as to expose the steel point. This, however, did not solve 
the problem, probably because the exposed tip was wetted even though the 
remaining part of the probe was not. Figure 4.1 shows what is believed to 
be actually happening as an air bubble approaches the probe tip. In posi
tion 1 the bubble is approaching the probe, whereas in position 2 the probe 
is just touching the bubble surface. Since the probe is still in the liquid 
medium, the circuit is closed and a voltage drop across the res is tor equal 
to E appears on the oscilloscope. The probe then begins to pierce the 
bubble (position 3), but a small quantity of water (exaggerated in the figure 
to clarify the theory) remains on the probe tip, causing the voltage gradu
ally to decay from a value of E to zero. When the probe is completely 
surrounded by air (position 4) an open circuit is created until the probe 
again reaches the air-l iquid interface (position 5), thus creating a closed 
circuit and sending the voltage to the original value of E. 

Fig. 4.1. Probe Wetting 
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The distance t raversed by the probe into the bubble before the tip 
was completely surrounded by air could be determined by recording the 
pulse on the "Visicorder" and visually estimating the bubble velocity. 
From the assumption that the bubble velocity is 2 ft/sec and a m e a s u r e 
ment of the "wetted" distance as y in. on a time scale of 25 in . / sec , it 
may be calculated that the probe penetrates a distance of about - m. into 
the bubble. Although bubbles smaller than | in. will be detected by the 
probe, only those larger than this value will cause the observed voltage to 
drop to a zero value. 

Since integrating the signal depends on a square-wave pulse, the 
tr igger circuit described in the previous chapter was introduced in the 
integrating circuit. A slight deviation from E of the probe signal voltage 
would cause the trigger to "turn off," and the t r igger output voltage would 
drop instantly from a value of E' to zero. Upon returning to the original 
value of E, the probe signal voltage would cause the t r igger to "f ire ," and 
then the trigger output voltage would instantly re turn to its original value 
of E ' , as shown in Figure 3.10. Integrating the t r igger output signal would 
result in obtaining the liquid fraction 1 - a . However, r eve r sa l of the po
larity of the trigger input would cause the tr igger to "fire" when the probe 
pierces the bubble and "turn off" when it is again surrounded by liquid; 
integration of this signal gives the gas fraction a. This procedure was 
utilized for all the experimental data. 

By adjusting the "level" potentiometer, the voltage value of the 
probe signal at which the trigger would "fire" could be set at any desired 
level. Adjusting the "sensitivity" potentiometer would minimize the dif
ference between the voltage levels for "firing" and "turning off." If the 
trigger voltage level is set too close to the probe voltage E, noise in the 
electrical circuit could cause the tr igger to "fire" even when no bubble is 
present. On the other hand, if the tr igger level is not set close enough, 
small bubbles could pierce the probe without "firing" the t r igger . The 
optimum setting of the two adjustments was made by observing the probe 
and trigger output signals on a dual-channel oscilloscope and noticing when 
bubbles of all sizes caused the tr igger to fire but, at the t ime, making sure 
that electrical noise didn't interfere. 

Figure 4.2 shows that if the tr igger level adjustment is not set 
properly, an inaccurate value of the void fraction is obtained. The de
pendence of the void fraction on the tr igger sensitivity setting is shown in 
Figure 4.3. It can, therefore, easily be seen that proper setting of these 
two controls is a vital factor. 
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B. Integration of Probe Signal 

The probe was inserted in the channel at a distance of 35 pipe di
ameters downstream from the air injector. Void-fraction profiles were 
obtained by integrating the tr iggered probe signal at each of the following 
seven values of r ' = r /R : 0.0, 0.136, 0.273, 0.454, 0.636, 0.818, and LOO. 
This was carr ied out for ten values of quality ranging from 1.145 x 10 
to 1.045 x 10"^. Quality is defined by 

W 
G (4.1) 

W T + Wr 'L 

where W^ and W are the gas and liquid mass flow ra tes , respectively. 

During the electronic integration for local void fractions, a 
30-ft trace (taking about 15 sec) of the probe signal and t r igger output sig
nal was obtained on the "Visicorder." This record of the signals was used 
for two specific purposes: (1) checking the tr igger circuit , and (2) check
ing the integrator. 

A partial check of the tr igger circuit was accomplished by simply 
looking for all the bubble pulses that did not "fire" the t r igger . The total 
dwell time of these "missed" bubbles was obtained by summing the dwell 
times of the individual bubbles. Division by the total time elapsed (16 sec) 
resulted in a number corresponding to a void fraction to be added to those 
values obtained by integration. These correction factors were all small , 
as seen from Table 4.1. 

Table 4.1 

INTEGRATION CORRECTION FACTORS 

Run No. Correct ion Fac tors 

2 0.00308 
3 0.00317 
4 0.0007 
5 0.0007 
6 0.0007 
7 0.0012 
8 0.0003 
9 0.0025 

Since the tr igger circuit did miss a few bubbles, it is possible that 
each trigger output pulse was slightly smaller than its corresponding probe 
pulse. This would result in a low value for the void fraction. This e r r o r , 
along with any e r ro r in the electronic integration, was checked as follows. 
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One value for the void fraction was obtained manually from the photographic 
record of the probe signal. A comparison between this value and its cor
responding value obtained from the integrator shows a small e r ro r , as seen 
in Table 4.2. 

Table 4.2 

CHECK OF INTEGRATION 

a(manually determined) a (electronically determined) 

0.3004 0.290 

0.2232 0.224 

0.1237 0.126 

In each experimental run, the photographic record of the trigger 
input and output signals was obtained by allowing the "Visicorder" to run 
for 15 sec. Pre l iminary calculations had been made to determine whether 
an interval of 15 sec would give a statist ically good average value for the 
void fraction. A t race corresponding to 20 sec was used to calculate man
ually the void fraction for each of four 5-sec intervals and also for the 
first 10 sec, 15 sec, and 17 sec, as well as for the entire t race . Each 
value obtained came within 10% of the total average value, while that value 
for the first 15 sec came within 1%. 

C. Use of Gamma-ray Technique 

Since the electr ical probe technique is the first capable of measuring 
local or point values of void fraction, there a re no previous data with which 
to compare the resu l t s . However, the void-fraction profile can be checked 
by assuming that the void fraction can be expressed as a function of the 
polynomial 

which is an equation in four unknowns: a, a, b, and c. By means of the 
gamma-ray technique, chordal densities can be found at four radial posi
tions, say r = 0, 0.4 R, 0.6 R, and 0.8 R. The problem then reduces to 
solving simultaneously 

So = a + - | +-g- + y (4-3) 

ao,4R + 0.44a + 0.256b + 0.1779c (4.4) 
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ao.6R = o + 0 . 5 7 3 a + 0 . 3 6 5 b + 0 . 2 5 5 c 

tto.sR = o + O-'^^a + 0 . 5 8 7 b + 0 . 4 6 5 c 

(4 .5 ) 

(4 .6 ) 

for the four unknowns . Der iva t ion of t he se equa t ions is shown in 

r e f e r e n c e (10). 

In addi t ion to the vo id - f r ac t i on p ro f i l e , the c r o s s - s e c t i o n a l a v e r a g e 
va lue was checked . This va lue was obta ined by g r a p h i c a l i n t e g r a t i o n of the 
prof i le d e t e r m i n e d by the p robe method , and f r o m the g a m m a - r a y t e c h 
nique by subs t i tu t ing equat ion (4.2) into 

/ 2Trra dr 
. •'o (4 .7) 

2Trrdr 

The l a t t e r value was a l so c o m p a r e d with the a v e r a g e va lue ob ta ined f r o m 
a comple te t r a v e r s e of the channe l . Th i s was done in o r d e r to v a l i d a t e , to 
some d e g r e e , the polynomial fit. 

D. C o m p a r i s o n of the Two Techn iques 

The vo id- f rac t ion da ta obta ined by the p r o b e m e t h o d a r e p lo t t ed 
along with the polynomial p ro f i l e s , given as so l id l i n e s , in F i g u r e s 4 . 4 - 4 . 1 3 . 
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The data, from which the polynomials were determined, could be read to 
an accuracy of ±0.05 mv. These data were then changed by ±0.06 mv, and 
the polynomial coefficients were redetermined. These pairs of profiles, 
denoted as error envelopes and indicated as dashed curves, were plotted 
to show the sensitivity in the accuracy of data reduction. 

The average void-fraction values obtained by the three different 
methods are tabulated in Table 4.3 along with the quality of each run. 

Table 4.3 

COMPARISON OF a 

"•Polynomial "•Traversed 

0.1878 0 .1761 

0.3021 0.2867 
0.2326 0.2224 
0.2633 0.2451 
0.1802 0.1700 
0.1510 0.1498 
0.1000 O.IIIO 
0.0920 0.0838 
0.0505 0.0853 
0.1028 0.1106 

The results of plotting the profiles and determining a show that, in 
each run, the probe technique gives low values of void fraction. This could 
be due to a delay in the probe pickup between the time when the probe just 
pierces a bubble and the time when a deviation in the probe signal occurs. 
The probe technique does, however, improve with decreasing qualities. 

In order to search for the source of this error, salts were dissolved 
in the water, and void-fraction values were compared. Sodium chloride 
was added to check the effect of the electrical conductivity of the water, 
and sodium ethyl xanthate was used to decrease the surface tension. As seen 
in Table 4.4 neither of these additives had an appreciable effect on the void 
measurements. 

The validity of the data was partially determined by checking the 
ratio of the average phase velocities by means of 

Run 

1 
2 
3 
4 
5 
6 
7 
8 
9 

10 

Quality x 10 

5.35 
8.15 
6.48 

10.45 
6.82 
4.48 
3.09 
2.24 
1.25 
1.60 

"Probe 

0.1016 
0.1710 
0.1728 
0.1601 
0.1313 
0.1123 
0.0864 
0.0648 
0.0370 
0.0466 

G 

L 

X 1-a; ^ 
1-X a PQ (4.8) 

which is a well-known equation in the field of two-phase flow. The cross-
sectional average void fraction values obtained by the gamma technique 
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were used in equation (4.8), resulting in velocity slip ratios in the range 
between 1.18 and 2.75. F rom previous experience, these are known to be 
reasonable. 

Table 4.4 

EFFECT OF ADDITIVES ON VOID FRACTION MEASUREMENTS 

Sodium Ethyl Xanthate 

a (no salt) a (10 ppm added) a (20 ppm added) 

0.1082 0.1150 0.1062 
0.1696 0.1832 0.1745 
0.239 0.243 0.233 

Sodium Chloride 

a (190 ppm added) 

0.1073 0.0926 
0.1885 0.1496 
0.239 0.215 

The sensitivity of the electr ical probe was determined by measur
ing the smallest pulse observed on the photographic record of the signals. 
The duration of the smallest pulse observed was j j in., which corresponds 
to a bubble dwell time of 0.0006 sec. If the bubble velocity is 2 f t /sec, 
this pulse resulted from a bubble having a diameter as small as 0.015 in. 
If, however, there is a delay in the system, as mentioned before, this pulse 
would be the resul t of a much la rger bubble, and any bubble smaller than 
this one would not be detected at all. 

One may have noticed that the polynomials approximating the void 
profiles were not always decreasing functions of the radius. This was 
probably due to the injection of air along the periphery of the test section 
such that the flow was not fully developed at the measuring point. To 
check this theory, a 100 mesh screen was inserted just above the mixer 
and the profiles were redetermined. The resul ts are shown in Figures 4.14 
and 4.15. 

Although all the resul ts do not favor the use of an electrical probe 
for local measurements of a i r -water flow paramete r s , further develop
ment of this probe may improve it to a point where it will become a very 
useful tool in this field. 
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V. CONCLUSIONS 

1. The electr ical probe tip is wetted by the water and an i r regular ly 
shaped pulse resul t s . 

2. A triggering circuit incorporated in the integrating circuit employed 
improves the pulse shape, but the present technique still gives low 
values of local void fraction as compared with results from the 
gamma-ray technique. 

3. The low electr ical conductivity of water has little effect on measure 
ments of void fraction. 

4. Fur the r development of this technique is necessary . 
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VI. APPENDIX 

Table A-1 

PROBE DATA 

'"corrected 
Run r' g ja-c) 2acr' Run 

1 0.0 0 .201 0.0 6 
0 .136 0 .198 0 .055 
0 . 27 3 0 .143 0 .081 
0 .454 0 . 133 0 .121 
0 .636 0 .095 0 .121 
0 .818 0 .082 0 .135 
1.0 0.0 0.0 

2 0.0 0 .279 0.0 7 
0 .136 0 .263 0 .72 
0 .273 0 .259 0.147 
0 .454 0 .233 0 .213 
0 .636 0 .202 0 .258 
0 .818 0 .133 0 .218 
1.0 0.0 0.0 

3 0.0 0 .250 0 .253 0.0 8 
0 .136 0 .245 0 .248 0 .68 
0 .273 0 .248 0 .251 0 .143 
0 .454 0 .214 0 .217 0 .198 
0 .636 0 .180 0 .182 0.232 
0 .818 0 .088 0 .089 0 .146 
1.0 0.0 0.0 0.0 1.0 0.0 0.0 0.0 

4 0.0 0.290 0.293 0.0 9 0.0 0.067 0.067 0.0 

r ' 

0.0 
0 .136 
0 .272 
0.454 
0 .636 
0 .818 
1.0 

0.0 
0.136 
0 .273 
0.454 
0 .636 
0.818 
1.0 

0.0 
0 .136 
0 .273 
0.454 
0.636 
0 .818 

a 

0.196 
0 .186 
0.184 
0 .160 
0 .126 
0 .080 
0.0 

0 .126 
0.127 
0 .119 
0 .112 
0 .093 
0 .073 
0.0 

0 .113 
0.104 
0 .094 
0.081 
0 .073 
0.050 

' " c o r r e c t e d 
(^c) 

0.197 
0.187 
0 .185 
0.161 
0 .127 
0 .080 
0.0 

0.127 
0 .128 
0 .120 
0 .113 
0 .093 
0 .073 
0.0 

0 . U 4 
0 .105 
0 .095 
0.082 
0.074 
0.050 

Z a ^ r ' 

0.0 
0.052 
0 .105 
0.146 
0.162 
0.132 
0.0 

0.0 
0.036 
0 .068 
0 .103 
0 .119 
0.120 
0.0 

0.0 

0 .029 
0.054 
0 .075 
0 .095 
0.082 

0 .136 
0 .272 
0 .454 
0 .636 
0 .818 
1.0 

0.0 
0 .136 
0 .272 
0 .454 
0 .636 
0 .818 
1.0 

0 .286 
0 .275 
0 .253 

0 .179 
0 .099 
0.0 

0 .224 
0 .210 
0 .211 
0 .190 
0 .152 

0 .089 
0.0 

0 .289 
0 .278 
0 .256 
0 .181 
0 .100 
0.0 

0 .225 
0 .211 
0 .212 

0 .191 
0 .153 
0 .089 
0.0 

0 .079 
0 .158 
0 .233 
0 .231 
0 .163 
0.0 

0 .136 
0 .273 
0 .454 
0 .636 
0 .818 
1.0 

0.0 10 0.0 
0 .058 
0 .120 
0 .174 
0 .195 
0 .146 
0.0 

0 .136 
0 .273 
0 .454 
0 .636 
0 .818 
1.0 

0 .063 
0 .058 
0.050 
0.044 

0 .029 
0.0 

0 .084 
0.082 
0 .083 
0 .071 
0 .045 
0 .030 
0.0 

0 .063 
0 .058 
0 .050 
0.044 

0 .029 
0.0 

0 .086 
0.084 
0 .085 
0 .073 
0 .046 
0 .031 
0.0 

0 .018 
0.032 
0.046 
0.056 
0 .048 
0.0 

0.0 
0 .023 
0 .045 
0 .065 
0.057 

0 .049 
0.0 
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Tab le A-2 

POLYNOMIAL C O E F F I C I E N T S F O R P R O F I L E S 

Run 

1 
2 
3 
4 
5 
6 
7 
8 
9 

10 

a 

0.2529 
0.3496 
0.3211 
0.3200 
0.2341 
0.2075 
0.1478 
0.0924 
0.1417 
0.1639 

a 

0.1172 
0.5327 
0.0430 
0.4647 
0.3760 
0.4043 
0.0767 
0.3363 

-0 .6347 
-0 .2485 

Tab le A-

POLYNOMIAL C O E F F I C I E N T S F O R 

Run 

1 
2 
3 
4 
5 
6 
7 
8 
9 

10 

a 

0.2573 
0.3667 
0.3417 
0.3380 
0.2593 
0.2231 
0.1683 
0.1477 
0.1640 
0.1747 

a 

0.2328 
0.4907 

-0 .0114 
0.4246 
0.2766 
0.4118 
0.0166 
0.0486 

-0 .5087 
-0 .2424 

Tab le A-

3 

b 

-0 .3887 
- 1 . 7 8 3 3 
- 0 . 3 2 6 8 
- 1 . 4 9 2 1 
-1 .2686 
- 1 . 6 8 1 1 
-0 .5628 
-1 .0626 

0.9802 
0.6860 

c 

0 .0236 

1.1227 
- 0 . 0 0 5 6 

0.8338 
0.7009 
1.2072 
0.4081 
0.6718 

- 0 . 6 0 2 3 
-0 .6226 

U P P E R E R R O R E N V E L O P E 

• 4 

b 

- 0 . 6 8 8 8 
-1 .6360 
-0 .0593 
-1 .2188 
-0 .8937 
- 1 . 6 9 2 3 
-0 .3450 
- 0 . 4 4 1 3 

0.8119 
0.6637 

c 

0.2694 
1.0186 

- 0 . 2 6 8 6 
0.5404 
0.3718 
1.2326 
0.2409 
0.3017 

-0 .4162 
-0 .5872 

POLYNOMIAL C O E F F I C I E N T S F O R L O W E R E R R O R E N V E L O P E 

Run 

1 
2 
3 
4 
5 
6 
7 
8 
9 

10 

a 

0.2224 
0.3237 
0.3064 
0.3017 
0.2223 
0.1835 
0.1249 
0.1053 
0.1205 
0.1339 

a 

0.5657 
1.1535 
0.0454 
0.4996 
0.3333 
0.3976 
0.0921 

-0 .2408 
-0 .5576 
-0 .2423 

b 

-2 ,1999 
-4 .5138 
-0 .3652 
- 1 . 5 7 6 1 
-1 .1863 
-1 .5317 
-0 .5316 

0.7048 
1.0596 
0.6915 

c 

1.5888 
3.5618 
0.0272 
0.8691 
0.6394 
1.0291 
0.3380 

- 0 . 6 9 4 8 
- 0 . 6 8 5 3 
-0 .6676 
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IX. NOMENCLATURE 

C e l e c t r i c a l c a p a c i t a n c e , f a r a d s 

E e l e c t r i c a l v o l t a g e , v 

e(t) v o l t a g e s i g n a l f r o m e l e c t r i c a l probe, v 

R p ipe r a d i u s , ft; e l e c t r i c a l res is tance , ohms 

r v a r i a b l e p ipe r a d i u s , ft 

r ' d i m e n s i o n l e s s v a r i a b l e r a d i u s , r / R 

T i n t e g r a t i o n t i m e , s e c 

t v a r i a b l e t i m e , s e c 

V Q c r o s s - s e c t i o n a l a v e r a g e g a s velocity, f t / s e c 

V L c r o s s - s e c t i o n a l a v e r a g e l iquid velocity, f t / s e c 

W Q g a s m a s s flow r a t e , l b / s e c 

W ^ l iqu id m a s s flow r a t e , l b / s e c 

X qua l i t y , d i m e n s i o n l e s s 

a l o c a l vo id f r ac t i on 

a J. r a d i a l d i s t r i b u t i o n of void fraction 

ct c r o s s - s e c t i o n a l a v e r a g e void fraction 

j3 volumetric flow concentration 

pQ gas density, lb/ft 

PL liquid density, lb/ft 




